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A molecular-beam experiment using TIF is described. The experiment searched for a P- and T~
violating interaction of the form 5 pr =d o'’ k-m;, where d is a coupling constant, o7 is a unit vec-
tor parallel to the thallium nuclear spin, and M“m is a unit vector parallel to the TIF internuclear
axis. The experiment yields the null result d /A =8+12 mHz. Interpreting the interaction in terms
of an electric dipole moment on the proton, D,, or in terms of a possible weak neutral- current tensor

interaction with a coupling constant Cr, this result corresponds to D, =(1.3+2.0) X 10~

e cm and

Cr=(6+9) X 10~5Gy, where the errors incorporate unexplained systematic effects as well as statisti-

cal errors.

I. INTRODUCTION

This paper describes an experiment which searched for
a parity (P) and time-reversal (T) violating frequency
shift for a hyperfine transition in the TIF molecule when
the relative direction of laboratory electric and magnetic
fields was reversed. The main interest in this search stems
from the test for T violation. Ever since the CP-violating
decay of the long-lived kaon (K —21r) was observed by
Christenson, Cronin, Fitch, and Turlay, T violations in
other physical systems have eluded observation. (CP
violation implies T violation if one invokes the CPT
theorem.)

One approach has been to search for an electric dipole
moment (EDM) in nondegenerate quantum-mechanical
systems, or more specifically, the EDM of elementary par-
ticles. The Hamiltonian for the interaction of a particle
with spm T and electric dipole moment D, with an elec-

tric field E is

%EDMZ—-]S'_Ez— I'E .

D-
I

Since this interaction represents an energy, sensitive tests
for its presence can be made by searching for small
changes in the transition frequency between states with
different projections of T when an electric field is reversed
relative to the axis of spin quantization. For example, in
the recent neutron EDM experiments, where the essential
physics is easily grasped, the neutron spin is quantized
along a laboratory magnetic field giving rise to a neutron
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magnetic resonance frequency equal to 2uyB/h, where
py is the neutron magnetic moment, B is the magnitude
of the external magnetic field, and & is Planck’s constant.
If one adds a laboratory electric field parallel to the mag-
netic field, the precessional frequency changes due to the
electric dipole interaction. When the electric field is re-
versed relative to the magnetic field, the transition fre-
quency changes by an amount

4D, E

h b
where D, represents the magnitude of the neutron EDM
and E, the magnitude of the laboratory electric field. This
is the sought-after P- and T-violating frequency shift in
the neutron EDM experiments. Since Purcell and Ram-
sey? originally proposed such experiments in 1950, a long
line of neutron-beam® and neutron-bottle* experiments
have been conducted. The most sensitive published result
so far is the null value D, =(2.3+2.3)X 10" % ¢ cm®.

An EDM for charged particles is more difficult to mea-
sure since the application of the electric field in an experi-
ment similar to the neutron experiments would accelerate
the particle out of the apparatus.” Using a system which is
overall neutral (i.e., an atom or a molecule) at first appears
unproductive since, even with the application of an exter-
nal field, the electric field averages to zero for each
charged particle. Schiff® formally demonstrated that for a
nonrelativistic quantum-mechanical system of point
charges, interacting solely by electrostatic forces, no ob-
servable effect occurs which is linear in the EDM of the

V=
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individual particles. However, as both he and later San-
dars® have pointed out, relativistic spin-dependent interac-
tions (e.g., magnetic interactions) and finite particle size
can give rise to an interaction linear in the EDM. The
former figures most prominently in electron EDM experi-
ments, while the latter is most significant for observing
the effects of a nuclear EDM in high-Z atoms. Classical-
ly one can think of these exceptions in terms of a force
which balances the electrostatic force experienced by the
charged particle as it samples the nonzero average electric
field required to produce a first-order EDM interaction.
In the magnetic case the gradient of the magnetic field in-
teracts with the magnetic dipole moment and for finite
nuclear sizes the nuclear force balances the electrostatic
force on the charged particle whose EDM we wish to ob-
serve.

Sandars’ pursued these exceptions the furthest, turning
them into several clever experiments involving the EDM
of the electron® and proton.””!° The latter experiments in-
volving the proton EDM provided the impetus for the ex-
periment reported in this paper.

In this experiment a molecular beam is used to observe
the nuclear resonance for 2°°T1 (I =+ ) in TIF in the pres-
ence of parallel, then antiparallel, electric and magnetic
fields. Any shift in the resonance frequency when the rel-
ative direction of the two fields is reversed represents a
violation of P and T symmetries. The interaction for such
an effect has been written in the form

%PT=d5'T1‘7_»’T1F, (1

where d is a phenomenological constant, J'r; is a unit vec-
tor parallel to the TI nuclear spin, and Ay is a unit vec-
tor parallel to the TIF internuclear axis pointing toward
the fluorine nucleus.!® In the absence of an external elec-
tric field this interaction yields zero for any given rota-
tional state since o' (which in this case is coupled to the
molecular rotation J) is perpendicular to leF. However,
with the application of an external electric field the mole-
cule becomes polarized yielding a nonzero expectation
value.

The physical significance of Eq. (1) is as follows. Thal-
lium is a spin- nucleus where the spin arises from an un-
paired proton in an Sy, orbit, according to the shell
model. If a proton EDM exists, the Tl nucleus acquires
an EDM. Furthermore the Tl nuclear EDM distribution
will essentially be that of the outer unpaired proton spin,
whereas the nuclear charge distribution is more nearly
uniform. This difference between the nuclear charge and
EDM distributions implies that a nonzero electric field
can exist on the TI EDM distribution without violating
the constraint that the electric field average to zero over
the charge distribution of the nucleus (this is the finite
size effect). The magnitude of this effect depends on the
difference between the mean-square radii of the charge
and EDM distributions, and on the magnitude of the gra-
dients of the electric field at the TI nuclear site. Combin-
ing the finite size and magnetic effects for TIF yields an
effective electric field on the order of 24 kV/cm on the
unpaired proton pointing along the internuclear axis,” !
hence Eq. (1). Owing to molecular rotation, this internal

electric field averages to zero. However, in the presence of
a 20 kV/cm laboratory electric field, the J=1 rotational
state of TIF becomes 46% polarized, giving rise to an ef-
fective electric field on the proton EDM of 11 kV/cm
projected onto a laboratory axis defined by the external
electric field. The magnitude of this effective electric
field is remarkably large.

Thinking in terms of an effective electric field applied
to the unpaired proton EDM within the Tl nucleus pro-
vides a simple physical picture. However, a proton EDM
is by no means the only origin for the interaction given in
Eq. (1). A Tl nuclear EDM could arise from a P- and 7-
violating nuclear force, quite apart from a proton EDM,
though no model for such an effect has been presented.
Furthermore, Hinds et al.!%!! have shown that an interac-
tion of this form can arise from a weak neutral-current
tensor coupling between electrons and protons. Conse-
quently, the result of this experiment can be used to set
upper limits for several interactions.

By analogy with the neutron experiments we might ex-
pect that an external magnetic field must be applied to the
T1 nucleus to remove the degeneracy of the mT,=J_r%
states. This turns out not to be the case. In TIF an inter-
nal magnetic field is generated at the T1 nuclear site due to
the rotational motion of the molecule, along with a small
contribution from the fluorine magnetic dipole moment.
This is the origin of the spin-rotation hyperfine interac-
tion (cT-J) and the magnetic dipole-dipole hyperfine in-
teraction, respectively. Therefore, if one state selects the
TIF molecules to be in the state |J=1,m;=—1,m,
=— %,mz =— —;— ) (using the uncoupled representation,
where m, denotes the Tl nuclear spin and m, the F nu-
clear spin), a magnetic field on the order of 50 G exists at
the T1 nuclear site. Furthermore, the average value of this
magnetic field is parallel to the axis of quantization used
to determine my, m, and m,. By state selecting these
“magnetic” quantum numbers for a TIF molecular beam
prior to sending the beam through a resonance region in
which only an electric field is present, a Tl nuclear reso-
nance,

;
(|my=—1my=—5,my=—7)
— |mJ=——1,m1=+%,m2=——%))

occurs with parallel (or antiparallel) electric and magnetic
fields at the Tl nuclear site. That the fields are exactly
parallel is guaranteed quantum mechanically because the
laboratory electric field provides the quantization axis for
the angular momenta. Consequently, both the internal
electric and magnetic fields at the TI nuclear site average
to fields whose only nonzero components lie along the
direction of the laboratory electric field.

State selecting the opposite magnetic quantum numbers
(my+1 and m,=+~) reverses the internal magnetic
field. Experimentally this is accomplished by reversing
the direction of a laboratory magnetic field in the state-
selecting region. To minimize depolarization of the beam
the state-selecting magnetic field is parallel (or anti-
parallel) to the electric field in the resonance region and
precautions were taken to ensure that the molecules pass
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adiabatically between the two regions.

Thus, a P and T violation produces a frequency shift in
the Tl nuclear resonance when the relative direction of an
electric and magnetic field at the Tl nuclear site is re-
versed. Experimentally one looks for a shift in the Tl nu-
clear resonance when the relative direction of the state-
selecting magnetic field and the resonance-region electric
field is reversed. By time-reversal symmetry, the direction
and magnitude of the internal magnetic field is the same
for equal and opposite laboratory electric fields in the res-
onance region.

The measured frequency shift Av is given by

h A’V=4d(6!TI’ZT]F> . (2)

Figure 1 shows a schematic diagram of the levels in-
volved. Figure 2 shows a schematic diagram of the ap-
paratus. A detailed explanation of the various regions is
found in Sec. II. The above-mentioned resonance region is
labeled as the C region wherein the T1 nuclear resonance is
induced by two separated oscillatory magnetic fields. The
state-selecting region is the A region, in which a parallel
laboratory magnetic field exists. The B region is analo-
gous to the 4 region and functions as a Tl spin analyzer,
deflecting from the beam only those molecules for which
the Tl spin was reoriented in the C-resonance region.

II. OUTLINE OF THE EXPERIMENT

Thallium fluoride was chosen for this experiment for
four reasons: (i) The TI nucleus has spin 3 due to an un-
paired proton, (ii) Tl is a high-Z atom, (iii) TIF is a polar
diatomic molecule, and (iv) T1 has a low ionization poten-
tial. The first criterion allows the experiment to be inter-
preted in terms of a limit on the proton EDM, the second
and third criteria enhance the effective electric field which
can be applied to the proton EDM within the Tl nucleus,
and the fourth criterion allows for efficient detection of
the TIF using a hot-wire detector. The last two criteria
suggest a molecular-beam experiment using inhomogene-
ous electrostatic fields to select the desired rotational state.
TIH would actually be a preferable molecule due to the
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FIG. 1. Schematic diagram of the states involved in the TI
nuclear resonance. The arrows indicate the relative direction of
the electric (E) and magnetic (B) fields at the Tl nuclear site, or
equivalently, the relative direction of the laboratory fields (i.e.,
the C-region electric field and the state-selecting magnetic field).
The state-selected quantum numbers for molecular rotation
(my), Tl nuclear spin (m,), and F nuclear spin (m,) are shown.
The hyperfine energy splitting (W),) is approximately 120 kHz.
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FIG. 2. Schematic diagram of the apparatus with the signifi-

cant components and regions labeled. S is the thermal effusive
source; @4, the A-region quadrupole which focuses the
J =1,M; =0 rotational states; 4, is an aperture; S, the 4 subsi-
diary resonance region wherein the transition
|M;=0)—| —1, —“%,—%) occurs; B, a buffer region to en-
sure the adiabatic transformation of the states between regions
with low and high electric field strengths; SOF,, the first
separated-oscillatory-field coil which induces the TI nuclear res-
onance | —1, —Zi, —% )— | —1, +%, —% ); C, the high-voltage
plates which produce the 20.0 kV/cm electric field in the C re-
gion; M, double cylindrical magnetic shields; SOF, the second
separated-oscillatory-field coil in which the phase of the rf field
is £90° with respect to that in SOF4; Bp, another buffer region;
Sp, the B subsidiary resonance region wherein the transition
| —1,—%,—%)—» | M;=0) occurs; T is a beam stop; Qjp, the
B-region quadrupole which focuses the J =1,M;=0 states onto
the detector; A,, a second aperture; D is the hot-wire detector;
and E is the electrometer which amplifies the 10~ A beam
current.

larger populations one could obtain in the low rotational
states; however, it is difficult to make an intense TIH
molecular beam.

Figure 2 shows a schematic diagram of the molecular
beam along with the physical phenomena taking place in
each region. Thallium fluoride is first vaporized in a hot
oven forming a thermal beam. The A-region electrostatic
quadrupole field is set to state select and focus predom-
inantly the J =1,m; =0 rotational state, leaving the vibra-
tional and electronic states unselected. The J =1,m;=+1
states are deflected out of the beam. High rotational
states are selected with poor efficiency. The vibrational-
state population in the beam is determined by the
thermal-equilibrium distribution at the source tempera-
ture. Virtually all beam molecules are in the ground elec-
tronic state 'S. The four hyperfine states within the
J =1,m;=0 subspace have virtually identical focusing
characteristics since they have nearly identical Stark ener-
gies (W;) in the strong electric field of the quadrupoles
(the deflecting force is given by F = — V W,).

Flipping the T1 spin in the C region corresponds to a
hyperfine transition, which does not cause a noticeable
change in the beam trajectory when the molecules pass
through the B quadrupole. Since the quantum number m;,
must change between the 4 and B quadrupoles in order
for molecules originally focused in the A4 quadrupole
(m;=0) to become defocused in the B quadrupole
(mjy==+1), the above transition is “unobservable.” A tri-
ple resonance scheme must be used to make the TI nuclear
magnetic resonance observable. This scheme is shown
schematically in Fig. 3, where only 3 of the 12 possible
hyperfine states are shown for simplicity. The states are
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FIG. 3. Triple resonance scheme used to make the Tl nuclear
resonance (C resonance) observable. Since the focusing property
of the quadrupoles only depends on |my |, the 4 and B reso-
nances are used to connect the C resonance with a change in
population from an m; =0 state to an | m; | =1 state.

shown with different energies in the C region since this is
the case in our experiment. This does not alter the triple
resonance scheme provided the molecular states transform
adiabatically between the A and B regions, and the C re-
gion. If the A and B “subsidiary” resonances in Fig. 3 are
tuned to their center frequency, sweeping through the C
resonance produces a net transfer of population (on reso-
nance) from the m; =0 hyperfine state to the m;=—1 hy-
perfine states, thereby leading to an observable change in
the focused beam intensity. Furthermore, the 4 resonance
selects a hyperfine state with nonzero m; which is essen-
tial for producing the necessary magnetic field on the Tl
nucleus in the C region.

After being rotationally state selected by the 4 quadru-
pole, the beam passes into the 4 subsidiary resonance re-
gion (the first in the triple resonance scheme). Here, in
the presence of parallel electric (20 V/cm) and magnetic
(18.4 G) fields, a transition is made from a J =1,m;=0
hyperfine state to a J =1,m;=*1 hyperfine state. Origi-
nally this was to be accomplished with a rf electric field
oscillating parallel to the static fields (o transition). How-
ever, in the final experiment it was accomplished with
nonadiabatic transitions, as explained below. Figure 4
shows the Stark effect for these hyperfine states for low
values of the electric field, in the presence of an 18.4 G
magnetic field. These eigenvalues were found by di-
agonalizing the hyperfine Hamiltonian given in Table I
for the J=1 rotational subspace. The vertical line be-
tween level a and level e represents the 4 and B subsidiary
resonances induced by nonadiabatic transitions. Had
these transitions been induced by a parallel rf electric field
the subsidiary resonances would have connected level a
with level j. The T1 nuclear magnetic resonance (C reso-
nance) takes place between level e and level j, although it
occurs in the C region at much higher values of the elec-
tric field than depicted in Fig. 4 and at zero magnetic
field. Table II gives the quantum numbers, in the uncou-
pled representation, associated with each level.

After passing out of the A subsidiary resonance region
the beam enters a buffer region where the electric field
strength increases exponentially up to the value found in
the C region (20 kV/cm). Magnetic shielding virtually el-
iminates the earth’s magnetic field in the C region (<2
mG). Here the T1 nuclear magnetic resonance is induced.
Two separated oscillatory magnetic fields are used for this
purpose, oscillating 90° out of phase. The observed reso-

AorB
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resonance

100

o

T? nuclear magnetic
resonance
f (C resonance)

ENERGY (kHz)

-100[~

-200

o 1 20 30 40 50 60 0 80
E,(V/cm)

FIG. 4. Stark effect in the J=1 rotational subspace of TIF
for low values of the electric field and in the presence of a paral-
lel 18.4 G magnetic field. These eigenvalues are appropriate for
the fields found in the 4 and B subsidiary resonance regions
(E,=20V/cm and B,=18.4 G).

nance is shown in Fig. 5.

After the molecules traverse the C region they again
pass into a buffer region which ensures the adiabatic
transformation of the molecular states between the C re-
gion and the B subsidiary resonance region. The B reso-
nance is identical to the A resonance, completing the triple
resonance scheme. The beam then passes through the B
quadrupole where the J=1,m;=0 hyperfine states are
focused onto the hot-wire detector. Here the molecules
dissociate and T1% ions are formed to produce a beam sig-
nal.

In front of the B quadrupole rests a beam stop which
casts a shadow onto the aperture in front of the detector.
The purpose of this stop is to block those molecules in the
beam which travel straight down the beam axis, undeflect-
ed by the quadrupoles. This dramatically reduces the
background signal since the molecules of interest
(J =1,m;=0) are deflected around the beam stop.

The experiment is performed by tuning to the C-
resonance frequency (f,) and looking for small intensity
changes correlated with a reversal of the C-region electric
field or with the reversal of the magnetic fields in the two
subsidiary resonance regions. These intensity changes are
produced by shifts in the resonance frequency. Either one
of these operations reverses the relative direction of the
electric and magnetic fields at the T1 nucleus in the C re-
gion. Reversing the subsidiary magnets selects the oppo-
site magnetic quantum numbers relative to a fixed axis in
the C region, thereby reversing the internal magnetic field.
It should be noted that when the C-region electric field is
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TABLE L. TIF hyperfine Hamiltonian.

%hyperﬁnez o+ Hs+Hz+H o +Hss
where
Hox=hBT 2
Hs =—p.E
%Z =__'u—"(3> ﬁ)— ! (_fl'ﬁ)——&(—ff_ﬁ)
J I, I,

- >

Hy =c1(T1°T)+cr(1527)

- =

3(I- T )1,

T 430, TN, T)—2(T - 1,)T 2

+C4(_I’1'Afz)

2/”:503

(27 +3)(2J —1)
and
J = the rotational angular momentum of the molecule
T, =the Tl nuclear spin
T, =the F nuclear spin
E = the external electric field
B = the external magnetic field
with?

B =6.68992 GHz
wy=35(15) Hz/G
13%=1.2405(3) kHz/G
ui®=1.2285(3) kHz/G
M_z 003 63(4) kHz/G

e =4.2282(8) Debye’
¢1/h=126.03(12) kHz"
c,/h=17.89(15) kHz"
¢3/h=0.70(3) kHz"
ca/h =—13.30(72) kHz.

2Reference 12.

YThese values are for the zeroth vibrational state of 2°°T1!°F.

reversed, all other parallel electric fields throughout the
apparatus are reversed simultaneously. The quadrupole
electric fields are the only ones which do not get reversed.
As noted previously, the A and B subsidiary transitions
were not induced by rf electric fields but rather took place
automatically due to nonadiabatic transitions occurring
between both the 4 and B quadrupoles and their respective
subsidiary resonance regions. These nonadiabatic transi-
tions transferred population, in varying amounts, between
the m; =0 hyperfine states (selected by the quadrupoles)
and the mj;==x41 hyperfine states. In retrospect this
should not have been so surprising because in these two

TABLE II. Table of the eigenvectors that are the major com-
ponents of the designated states at the fields used in the experi-
ment.

Level
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regions of the apparatus the electric field changes from a
high value (1—10 kV/cm) with quadrupole symmetry to
the low (20 V/cm) constant field found in the subsidiary
resonance regions. Furthermore, the magnetic field
changes from the value of the earth’s field found in the
quadrupole regions to the 18.4 G constant field in the sub-
sidiary resonance-region magnets.

Nonadiabatic transitions, in general, are hard to quanti-
fy;!® however, a qualitative rule of thumb can be given. If
two discrete states |m) and |[n) of a time-dependent
Hamiltonian are coupled, then, in order for the nonadia-
batic transitions between the two states to be negligible,
the time during which the interaction between the states
changes appreciably must be long compared to 27/w,y,,
(the inverse of the Bohr frequency between these two

E =20 kV/cm

Ll
AT

-3 | —HAVO
11970 11980 11990 I 12000 IZOIO 12020

o
FREQUENCY (kHz)

C RESONANCE (10® molecules /sec)

FIG. 5. Observed Tl nuclear resonance (C resonance) induced
by separated oscillatory fields 90° out of phase.
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states). In the regions of the apparatus between the quad-
rupoles and the subsidiary resonance regions, parallel and
perpendicular time-varying electric and magnetic fields
exist. These time-dependent fields couple all the hyperfine
states in one way or another. Given an average beam
velocity of 1.3 10* cm/s, the frequency of these time-
varying fields is ~ 10 kHz, which is high enough to cause
numerous nonadiabatic transitions.

Efforts to eliminate these transitions were not success-
ful so we decided to turn them to our advantage by using
them to induce the A and B subsidiary resonances instead
of using rf electric fields. This worked quite well because
of the fortuitous circumstance that one state (level j in
Fig. 4) was relatively unpopulated by nonadiabatic transi-
tions, for reasons which were never fully understood,
whereas the companion state for the C resonance (level e)
was populated copiously. This happy circumstance pro-
vided a relatively strong C resonance, from which we esti-
mate a transition probability of approximately 0.5 for
both the 4 and B subsidiary resonance. The other three
candidates for a C resonance were of much smaller inten-
sity and could not be augmented by the application of rf
electric fields in the subsidiary regions, indicating that
both levels for these transitions were saturated. Therefore,
the T1 nuclear magnetic resonance used in the experiment
was | _1’_%1_'2_>_’ | —L,+3,—3)-

Though it at first seems strange to use nonadiabatic
transitions in the triple resonance scheme, there is nothing
wrong with it in principle, provided they perform the
essential functions of the 4 and B resonances. Since the
C-resonance frequency is determined solely by the magni-
tude of the laboratory electric field in the C region, the
state-selection process cannot affect this frequency. We
further verified that the proper directions for the electric
and magnetic fields at the T1 nuclear site were obtained in
the C region when the laboratory electric and magnetic
fields were reversed. However, nonadiabatic transitions
affect the state populations, which in practice turned out
to be a nuisance. When the laboratory fields were re-
versed, the C-resonance amplitude changed by as much as
20%. By adjusting the electric field in the subsidiary re-
gions (20+5 V/cm) and, more importantly, by adding
Helmholtz coils to cancel the magnetic field of the earth
in the regions between the quadrupoles and the subsidiary
resonance regions, these amplitudes changes were reduced
to 1% and were often as low as 0.2% (magnetic shielding
would have been better, but this was impossible given the
present construction of the apparatus).

HI. APPARATUS

Table III summarizes some of the important parameters
in the experiment.

A. Vacuum system

The main vacuum system was pumped by oil-diffusion
pumps using DC 705 pump oil. Only the detector region
used ion pumps. The vacuum achieved throughout the
apparatus was ~4X 1078 torr, although the detector re-
gion was brought up to 1Xx 107° torr by bleeding O, into

TABLE III. Typical values for experiment parameters.

2% 10'® molecules/sr sec
3% 10® molecules/sec
4 10% molecules/sec

1.3 10* cm/sec

Source intensity (at 380°C)
Total beam intensity ([;)
C-resonance intensity (/)
Average beam velocity
C-resonance frequency

(fo at 20.0 kV/cm) 119.952 kHz
C-resonance FWHM (Awv) 45 Hz
TIF oven temperature 380°C
Quadrupole voltage +4.0 to £5.0 kV
Subsidiary region electric field 20 V/cm
Subsidiary region magnetic field 184 G
C-region electric field 20.0 kV/cm
C-region magnetic field <2 mG
Hot-wire detector efficiency 0.85
Source-to-detector distance 450 cm
Separation between separated-

oscillatory-field coils 144 cm
Beam diameter 1.5 cm

the system to oxidize partially the detector surface, and
thereby to increase its ionization efficiency.

B. Source

The source was a modified effusive design. TIF salt is
contained in the lower half of a double chambered 6
in.X5/8 in. oxygen-free, high-conductivity (OFHC)
copper tube, indirectly heated to 380 °C by passing 30 A of
ac current through a concentric thin-walled stainless steel
tube surrounding the Cu tube. The lower chamber is
separated from the upper chamber by a plate with a 0.020
in. hole in it. The upper chamber is empty and has a
0.100 in. hole in the side for the TIF vapor to escape, thus
forming the beam. Placed in the lower chamber along
with the TIF salt is a corrugated OFHC Cu sheet which
acts as a “boiling chip,” smoothing out thermal instabili-
ties in the hot salt melt. This helped steady the beam in-
tensity.

The double chambered source served two functions.
Originally it was designed to further stabilize the beam in-
tensity, with the upper chamber acting a bit like the capa-
citor in an RC filter. However, it also helps reduce the
fraction of TIF dimers in the beam. Dimers are objection-
able because they do not contribute to the C resonance, yet
they contribute two T1% ions to the background signal. A
normal (single chambered) effusive TIF source produces a
beam consisting of 75% dimers and 25% monomers.
With the double-chambered source we were able to shift
this to 38% dimers and 62% monomers. This occurs be-
cause, for the same temperature, the vapor in the upper
chamber is at a lower pressure than in the lower chamber.
The exact value depends on the ratio of the hole diameter
in the plate separating the two chambers to the diameter
of the exit hole (1:5 in the present design). According to
Le Chatlier’s principle the dissociation reaction

(TIF),222TIF

shifts to the right in the upper chamber, enhancing the
monomer fraction in the vapor and consequently in the
beam.
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At a temperature of 380°C this source produced C-
resonance intensities of 4% 10® molecules/sec (see Table
III). At higher temperatures the source produced beams
up to 20 times as intense. These high intensity beams
were never used in the experiment because they caused ex-
cessive high-voltage breakdown due to rapid salt buildup
on the high-voltage insulators in the C region (a problem
which could have been fixed had the extra intensity been
needed).

It should be noted that since the vapor in the source is
in thermal equilibrium, many rotational and vibrational
states will be populated. At 380°C approximately
81073 of the TIF molecules are in a given hyperfine
state in the zeroth vibrational, J=1 subspace.

C. Quadrupoles

The rotational state selection of the beam is accom-
plished by electrostatic quadrupoles. The deflecting force
F arises from the interaction between the gradient of the
electrostatic field and the induced electric dipole moment
of the molecule and is given by

W VE
dE ’

where W is the Stark energy for a given rotational state
(see Fig. 6) and E is the magnitude of the electric field. If
the electric field is sufficiently small, the Stark energy will
be a quadratic function of E, in which case the molecules
execute simple harmonic motion in the plane perpendicu-
lar to the quadrupole axis as they traverse its length. In
order for focusing to occur, one designs the quadrupoles
in such a way that molecules emanating from a source
aligned along the axis at the entrance of the quadrupole
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FIG. 6. Stark energy of a rigid rotator as a function of the
electric field strength. The values given in kV/cm apply to TIF,
whereas A is the dimensionless field strength (A=uE /hB, where
p is the molecular electric dipole moment, E is the electric field
strength, 4 is Planck’s constant, and B is the rotational constant
of the molecule). The hyperfine splitting for TIF is too small to
show on this scale.

exit from the far end after executing one-quarter cycle of
their radial motion, i.e., the radial velocity is brought to a
halt. Despite the simplicity of this result for the quadrat-
ic Stark effect, higher intensity focused beams can be ob-
tained using stronger electric fields. For molecules in the
J =1,m;=0 state, six times the focused beam is obtained
using shorter quadrupoles with electric fields up to A=35
(A=pE /hB) compared to longer quadrupoles with A <1
which produce for simple harmonic motion.'*

Another important feature of the quadrupole design is
that it selects molecules whose average velocity is 0.5
times the most probable beam velocity given by the
Maxwell velocity distribution. This counterintuitive
design actually increases the focused beam intensity be-
cause at slower beam velocities the solid angle of the
source which can be focused initially increases more rap-
idly than the probability for finding molecules with this
beam velocity decreases. Furthermore, selecting slower
molecules narrows the C-resonance linewidth.

Physically the quadrupoles are constructed from 3/4 in.
stainless steel rods, 11.5 in. in length, centered on the
corners of a square 0.988 in. on a side. Typical voltages
on the rods were between +4.0 and +5.0 kV, with adja-
cent rods being oppositely charged.

D. Subsidiary resonance regions

These regions consists of parallel electric and magnetic
fields. An electromagnet, made with a soft iron yoke, is
magnetized with 0.75 A of dc current passed through 104
windings. This produces an 18.4 G field across a 2.1 cm
gap, homogeneous to within 1% over the central 5 cm of
its 8 cm length. By reversing the current, the field rev-
erses to within 1%. The electric field was produced by
placing =15 V across two parallel plates separated by 1.5
cm. A parallel rf electric field could be superimposed
upon this constant field to induce the subsidiary transi-
tions resonantly, however, as described above, this rf field
was not used since these transitions were induced nonadia-
batically.

E. Cregion

Before entering and after exiting the C region, the beam
passes through buffer regions which consist of a series of
six parallel plates, oppositely charged with exponentially
increasing voltage steps. This allows the molecular states
to transform adiabatically from the low electric field
values found in the subsidiary regions to the high electric
field in the C region.

In the C region two long (208 cm X 6.5 cm) parallel ano-
dized Al plates are oppositely charged to +15.00 kV. The
1.50 cm separation provided a 20.0 kV/cm electric field
homogeneous to within 1% and reproducible to within
0.01%. The anodized aluminum was intended to prevent
breakdown between the plates. It accomplished this.
However, due to the insulating anodized layer, surface
charges built up on the plates giving rise to stray electric
fields on the order of 2 V/cm, which did not reverse com-
pletely upon reversal of the high voltage. To first order
this could be canceled by adding a battery in series with
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the high voltage on one of the plates.

The two separated-oscillatory-field coils used to drive
the C resonance were made from 81 turns of teflon-coated
wire wrapped along a 9 in. glass tube of rectangular cross
section. The coils slipped over the ends of the high-
voltage plates without touching. A 25 mA rms rf current
produced the axial oscillatory magnetic field necessary to
optimize the T1 nuclear magnetic resonance (0.6 transition
probability). The long length of the separated-oscillatory-
field coils minimized any frequency shift arising from the
Millman effect.!

F. Detector

The beam was detected by a standard hot-wire detector
consisting of a tungsten ribbon heated to 930°C in a par-
tial vacuum of 1107 torr O, (which was bled into the
detector region through a nozzle pointed at the active area
of the tungsten ribbon). The oxygen forms a surface layer
of tungsten oxide which has a higher work function than
pure tungsten metal. With its high work function, the ox-
ide surface has a greater affinity for the outer Tl electron
than the atom (I.LP.=6.106 eV). Consequently, when the
TIF molecule dissociates on the hot wire and the Tl atom
evaporates from the surface, it does so as an ion.!® The
ionization efficiency for TIF on our hot wire was mea-
sured to be 0.851+0.02. The ions are collected on a nearby
metal plate biased 8 V negative with respect to the hot
wire, ensuring nearly 100% collection efficiency. An elec-
trometer then amplifes the 10! A ion current to form
the beam signal.

The tungsten ribbon for the hot wire was made by heat-
ing a tantalum ribbon in a partial vacuum (200 ) of
tungsten hexacarbonyl W(CO)g.!” This causes pure
tungsten metal to be deposited on the tantalum substrate
through the decomposition of W(CO)4 on the hot surface.
Making tungsten ribbons in this fashion was necessitated
by the fact that virtually all commercially available
tungsten (even high purity, “undoped” tungsten) contains
trace amounts of potassium. When such tungsten is used
to make hot wires, large Kt background signals are ob-
served. The homemade tungsten ribbons had backgrounds
<10712 A, ie., < 1% of the beam signal.

G. Magnetic shielding

Two concentric cylinders (one made from Mumetal and
the other from Hipernom) were used to shield the C re-
gion, by a factor of 2600, from external magnetic fields.
Small magnetic hard spots in the stainless steel vacuum
chamber (located inside the magnetic shields) were only
partially degaussed with a 1000 G rms ac magnetic induc-
tion. These residual fields together with the leakage of the
magnetic field of the earth through the ends of the
cylindrical magnetic shields resulted in a field on the or-
der of 2 mG averaged over the C region. As a result,
Helmbholtz coils were used to trim out any nonzero z com-
ponent of the magnetic field (the component parallel to
the C-region electric field) so that when the subsidiary
magnets were reversed, the C resonance did not change
frequency.

H. Data collection

The experiment was controlled by a Digital Equipment
Corporation PDP-8/E computer which selected the vari-
ous states of the experiment, monitored error conditions,
and collected the raw data from which we determined C-
resonance frequency shifts. The computer, in conjunction
with several homemade interfaces, operated as a mul-
tichannel lock-in detector.!®

The computer controlled four parameters: (1) the phase
of the current in the second separated-oscillatory-field coil
relative to the first (+90°), (2) the direction of the magnet-
ic field in the subsidiary resonance regions, (3) the direc-
tion of the electric field along the beam line, i.e., the C-
region electric field, and (4) the frequency applied to the
C-resonance coils. Setting these parameters defines a
given state of the experiment. After waiting an appropri-
ate amount of time for transients to die out, a gate opens
for a fixed length of time (typically 50.0 ms) to count an
input frequency derived from the electrometer signal
through a voltage-to-frequency converter. The accumu-
lated number of counts represents the integrated beam sig-
nal for that state of the experiment. If no error indica-
tions occurred in taking this data, the computer sets the
next state of the experiment, waits for transients to die
out, then integrates the beam signal in this new configura-
tion.

The manner in which three of the four parameters are
controlled is illustrated in Fig. 7, where Sp, Sy, and Sg
represent the pattern for phase reversal, magnet reversal,
and electric field reversal, respectively. By adding the in-
tegrated beam signal when the phase-reversal waveform
Sp is + 1 (4 90°) and subtracting when the waveform is
—1 (—90°), a total is accumulated which represents the
magnitude of the C resonance at the frequency set by the
computer since only the number of resonated molecules is
affected by a change in the phase of the separated oscilla-
tory fields. If the electric (or magnetic) field is reversed in
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FIG. 7. Examples of possible control and analysis modes for
the experiment. The control modes show the pattern in which a
given variable could be modulated. The analysis modes show
patterns which extract various correlated beam-intensity changes
from the data. The actual experiment was run with more com-
plicated modes than those shown here to improve noise immuni-
ty. SOF stands for separated oscillatory field.
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a different pattern, Sg (or Sys), and the data is added or
subtracted according to whether the product waveform
SpSg (or SpSy) is + 1 or —1, then the accumulated
number is proportional to the shift in the C resonance
under a reversal of the electric (or magnetic) field. Such
frequency shifts are called “E shifts” (or “M shifts”) and
they served as important diagnostics throughout the ex-
periment. Finally, if one adds or subtracts the incoming
data according to the product waveform SpSySg one ob-
tains a number proportional to the shift in the C reso-
nance when only the relative direction of the laboratory
electric and magnetic fields is reversed. This is the
analysis mode which checks for a P- and T-violating fre-
quency shift, and as such is called the “EDM shift.” To
calibrate the C-resonance slope a small shift in the
separated-oscillatory-field frequency is introduced by the
computer and the corresponding change in the number of
resonated molecules is observed. The measured slope is
then used to transform the counts accumulated as E
shifts, M shifts, and EDM shifts into equivalent frequency
shifts.

The actual experiment was run with more complicated
modes than those represented in Fig. 7. For instance, the
separated-oscillatory-field phase was actually reversed
with the pattern labeled SpSy,Sg in Fig. 7. These more
complicated waveforms provided increased immunity
from systematic effects due to drifts in the beam signal.
The general noise-rejection properties of these waveforms
are discussed by Harrison e al.'® The separated-oscillato-
ry-field phase was the most rapidly modulated parameter,
with the highest frequency component of the waveform
being ~7 Hz. The magnetic field direction was the next
most rapidly modulated parameter (~1 Hz) and the elec-
tric field changed no faster than once every 15 seconds.

The error conditions monitored throughout the experi-
ment were of three kinds. First, voltages and currents
were monitored to make sure that not only were the elec-
tric and magnetic fields in the direction specified by the
computer, but that the magnitudes of these fields were
within 1% of their nominal value (the high voltage for the
C-region electric field was specified to be within 2% of its
nominal value). Second, all vacuum ionization gauges
were monitored to make sure that there were no abnormal
pressure fluctuations in the vacuum system. Third, the
electrometer was monitored for any rapid spikes on the
output voltage, indicating abnormal beam fluctuations. If
none of the above error conditions occurred while the
beam signal was being integrated, the data was accepted
by the computer. These checks are to some extent redun-
dant. For instance, a spark from the high-voltage plates
in the C region causes the high voltage to fluctuate outside
the 2% window and causes the vacuum pressure to in-
crease rapidly, thus causing a sudden attenuation of the
molecular beam due to pressure scattering. Consequently,
all three error flags go up when a spark occurs. One fur-
ther check is performed by the computer once the data
has been accepted. The incoming integrated beam signal
is compared to the last value to see that it has not changed
by more than 3%. If it has, the data is rejected. This
checks for slower changes in the beam intensity which are
often missed by the discriminator which looks for the ra-

pid spikes. Having passed all the error checks, the “good”
data is then binned up according to the various analysis
modes corresponding to E shifts, M shifts, EDM shifts,
and several other modes which serve to check for spurious
results in the data.

IV. EXPERIMENT SENSITIVITY

The precision with which small frequency shifts 8v can
be observed is determined by requiring that the intensity
change,

81 = ﬂﬁv , (3)

dv

be larger than the noise. Operating at the zero crossing of
the C resonance (f,) maximizes dI/dv. For the
separated-oscillatory-field line shape dI/dv~I . /Av,
where I, is the resonant amplitude and 2Awv, is the
separation between adjacent interference fringes. If the
experiment runs for a time 7/2 with the electric and mag-
netic fields parallel, and then for 7/2 with the fields anti-
parallel, the accumulated count proportional to an EDM
shift is T/2 81. The fluctuation in this number is given
by Poisson statistics as (T, )'/> where I, is the total
beam arriving at the detector (resonance plus background).
The condition for an observable frequency shift is then
given by
1/2
Jiot

5 2A‘V0
v > T

- Ires (4)

In this experiment a 10 h run should have produced a
resolution 8v>2 mHz (see Table III). In fact the resolu-
tion was more like 4 mHz due to other sources of noise.

V. RESULTS

This section summarizes different frequency shifts in
the Tl nuclear resonance when the laboratory fields were
reversed. A “shift” was defined as a change in the num-
ber of resonated molecules under a reversal of a given lab-
oratory field. Using the measured C-resonance slope, this
was converted to an equivalent frequency shift in Hz (for
small frequency shifts). However, it is worth noting that
if the separated-oscillatory-field frequency is not set to the
zero crossing of the Tl nuclear resonance (fj,), then
changes in the resonance amplitude under field reversal
will also give rise to changes in the number of resonated
molecules, consequently contributing to a “frequency
shift.” In this manner shifts in the C-resonance frequency
were monitored when the subsidiary magnets were re-
versed (M shift) and when the C-region electric field was
reversed (E shift). A shift which depended solely on the
relative direction of these laboratory electric and magnetic
fields was labeled the EDM shift. Since spurious EDM
shifts were observed in the experiment, Sec. VD is devot-
ed to a summary of various mechanisms by which a false
EDM shift can occur.

A. M shifts

Originally an M shift on the order of 10 Hz was ob-
served which was attributed to a residual 2 mG magnetic
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field. This shift was canceled to the level of 100 mHz by
the addition of Helmholtz coils the length of the C region.
Another source for an M shift is the Millman effect.!
The Millman effect is the shift in a resonance frequency
due to the spatial curvature of the oscillatory field induc-
ing the transition. Only one of the two rotating fields,
into which an oscillatory field can be decomposed, is re-
sponsible for inducing the transition. In the rest frame of
the beam molecule, this rotating component will either be
increased or decreased in frequency depending on which
way the oscillatory field bends. When the magnetic field
is reversed the opposite rotating component is responsible
for inducing the transition. The result is an apparent
change in the resonant frequency under magnetic field re-
versal. While this description pertains to a single oscilla-
tory field, a very similar phenomenon occurs for separated
oscillatory fields. Here the average angle of rotation of
the oscillatory fields between the two regions is the
relevant spatial rotation which, combined with the time of
flight between the two coils, determines the frequency
shift of the separated-oscillatory-field line shape. In this
experiment the upper limit for any separated-oscillatory-
field Millman effect was 1.5 Hz. Since the effect of a real
magnetic field cannot be distinguished from the Millman
effect, as long as the beam velocity is not reversed, their
relative contribution to the observed M shift was indeter-
minate at the level of 1-Hz shifts. For the purposes of
this experiment the M shift was empirically nulled to
better than 100 mHz (and was often as low as 10 mHz) by
tuning the C-region Helmholtz coil. Fluctuations in the
M shift between 10 and 100 mHz can be attributed to
2—20 uG changes in the magnetic field (z component).

B. E shifts

E shifts are analogous to M shifts except that they are
correlated with the reversal of the electric field in the C
region. Typical E shifts were on the order of 200 mHz.
They arose predominantly from stray charges on insulat-
ing surfaces which did not change sign when the voltage
was reversed. The observed E shift implies a 2 V/cm
nonreversing electric field since the electric field depen-
dence of the C resonance is 41 Hz/kV/cm. A variable 10
V potential placed in series with the high voltage to one of
the plates canceled the E shift to first order. However,
due to the erratic nature of these stray electric fields, the
E shift also fluctuated between 10 and 100 mHz.

C. EDM shift

A convenient way to define EDM shifts experimentally
is as the difference between the M shift with one direction
of the electric field and the M shift with the opposite
direction of the electric field. The difference between E
shifts with opposite magnetic fields is equivalent.

Figure 8 shows the EDM shifts for the T1 nuclear reso-
nance in two different TIF rotational states. The error
bars represent the standard deviation of the mean for the
observed EDM shifts in a given run. In general this re-
flects random noise on the beam signal (about twice the
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FIG. 8. Experimental values for the EDM shift. Note that
the data represents two different rotational states of TIF and
two different polarities of the 4 and B quadrupole voltage.

theoretical shot noise); however, sometimes the EDM shift
was found to drift over time, in which case the error bar
also reflects this drift. The different size standard devia-
tions essentially reflect differences in the total number of
molecules collected. The results taken in the J=2,
my;=—2  state correspond to the transition
lmJ:-“Z’mlz_%_’mZZ_'%)_’ I “2,+%a—%>> with
a resonant frequency f,=246.46 kHz. While this reso-
nance has not been previously mentioned, one observes it
in exactly the same way as the J =1,m;= —1 resonance,
however, the quadrupole voltage is increased to focus the
J=2 rotational states more effectively. One should note
that the reference to J is intended only as a label identify-
ing the low field origin of the state, since J is not a good
quantum number in high electric fields. The last runs us-
ing the J=1,m;=—1 resonance represent the cleanest
data since most of the systematic effects had been elim-
inated and the resonance amplitude changes under electric
and magnetic field reversals were held to a minimum
(<1%). '

The mj;=-—1 results clearly show the remaining sys-
tematic change in the EDM shift when the quadrupole
voltage was reversed. In principle such a reversal should
not have any effect on the experiment since the state
selecting and focusing properties of the quadrupoles is
determined solely by the gradient of the magnitude of the
electric field. However, the direction of the fringe electric
fields will reverse which can affect the nonadiabatic tran-
sitions occurring between the quadrupoles and their
respective subsidiary resonance regions, consequently af-
fecting the hyperfine state selection efficiency. Even so, it
is hard to see how this can affect the C resonance in such
a way as to lead to an EDM shift. Table IV gives the
weighted mean of the EDM shift for the two rotational
states, separated according to quadrupole field direction.
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TABLE IV. Summary of EDM shift results.

Transition Quadrupole direction Weighted mean

M;=—1 normal —6.3+3.1mHz
reversed 38 +7 mHz

M;=-2 normal 1.1+1.6 mHz
reversed 13.8+2.4 mHz

D. Systematic EDM effects

Unfortunately no explanation was found for the
remaining systematic EDM shifts. Numerous mecha-
nisms were proposed, several of which were important in
reducing systematic EDM shifts early in the experiment,
but none seemed capable of explaining the large 44-mHz
change in the EDM shift observed in the M;= —1 data,
or the 13-mHz change observed in the M; = —2 data.

From the definition of the EDM shift given above one
should realize that any mechanism which produces an E
shift or an M shift can produce a spurious EDM shift if
the magnitude of that shift changes when the other field
reverses direction. In other words, if some mechanism
produces a 100 mHz M shift with the electric field in the
—E direction and only 80 mHz when the electric field is
in the +E direction, then a spurious EDM shift of 20
mHz will result.

Perhaps the best known systematic EDM shift for ex-
periments of this kind is the frequency shift induced by
the magnetic moment of the particle (neutron or Tl nu-
cleus) interacting with the motional magnetic field
EXV/c observed in the rest frame of the particle as it
passes through the high electric field region. The interac-
tion Hamiltonian

—

#=—2u,1-(EXT /e) (5)

changes sign under a reversal of the relative direction of
the electric and magnetic fields (_fl reverses with ﬁ), con-
sequently masquerading as a true EDM shift. To cancel
this effect one should reverse the beam velocity; however,
in practice this is difficult. Alternatively one can elim-
inate this effect by making the electric and magnetic fields
parallel at the Tl nucleus. In this experiment this is
guaranteed by quantum mechanics, as was described pre-
viously. However, an external magnetic field will destroy
this perfect alignment, which is the main reason for the
magnetic shielding around the C region. A stray magnetic
field as large as 50 mG, perpendicular to the internal mag-
netic field, produces a systematic EDM shift of 0.2 mHz
which is entirely negligible in the present experiment.

A second mechanism for producing a systematic EDM
shift arises when the C resonance changes in amplitude
under magnetic (electric) field reversal and the resonance
shifts in frequency under electric (magnetic) field reversal.
To see this one only needs to realize that if the amplitude
of the resonance, and hence the resonance slope, changes
under magnetic (electric) field reversal, the number of
counts which accumulate as an E shift (M shift) differs
depending on the direction of B (E). Therefore a nonzero
EDM shift appears. It was for this reason that changes in
the resonant amplitude were minimized under electric and
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FIG. 9. Spurious EDM shift induced by a large M shift.

magnetic field reversals. The signature for this systematic
effect is, (1) it is proportional to the magnitude of the E or
M frequency shift, (2) it is proportional to the percentage
change in the resonant amplitude, and (3) it is proportion-
al to the resonance amplitude itself, which implies that the
effect is frequency dependent. The proportionality be-
tween this induced EDM shift and the M shift is shown in
Fig. 9, for an amplitude change ~10% under electric field
reversal. Figure 10 shows the linear frequency dependence
over a frequency range where the resonance line shape is
linear. Finally, in Fig. 10 one should notice the reduction
by a factor of 10 in the slope of this EDM shift when the
resonance amplitude change is reduced by a factor of 10.
Reducing the amplitude change to < 1%, reducing the E
and M shifts to below 100 mHz, and operating at the zero
crossing of the line shape, together constrain any sys-
tematic EDM shift arising from this mechanism to be <2
mHz.

Another possible source for a systematic EDM shift
comes from overlapping transitions. If, in fact, the ob-
served zero crossing of the 2°>T1 nuclear resonance was ac-
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FIG. 10. Frequency and amplitude change dependence of a
spurious EDM shift. The lines represent least-squares fits to the
data.
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tually the cancellation of small overlapping transitions
and this main resonance, then any difference in the ampli-
tude changes for the overlapping transitions appear as fre-
quency shifts in the main resonance. In particular, if the
amplitude changed when the relative field direction is re-
versed, as was often observed for the main resonance, then
this “EDM amplitude change” appears directly as an
EDM shift in the main resonance. Candidates for over-
lapping transitions are as follows.

(1) The “time-reversed” tranmsition, | +1,+ %, + —;— )
— | +1,—%,+3), whose states are degenerate with
those of the main C resonance (|—1,—3,—7%)
—|—=1,4+,—+)) in a pure electric field. In principle
the state | +1,++, 4+ ) should not be selected in the tri-
ple resonance scheme, however, since the subsidiary tran-
sitions are induced nonadiabatically this state is inadver-
tantly populated. In fact, the time-reversed transition oc-
curred at exactly the same frequency but with 10% of the
amplitude of the main resonance. By applying a small
magnetic field (100—200 mG) the length of the C region,
which reversed when the subsidiary magnets reversed, this
overlapping transition was separated out. There was no
resulting change in the systematic EDM shift, acquitting
this suspect.

(2) The C resonance between the states | —1,—~+,— )
and | —1,+~,—+) which belong to the J=2 rotational
subspace occurs at almost exactly the same frequency as
the corresponding J=1 transition. By lowering the quad-
rupole voltage, fewer J=2 molecules are selected relative
to the more easily focused J=1 molecules. Consequently,
any effect of the overlapping J=2 transition should be a
strong function of the magnitude of the quadrupole volt-
age. No effect was observed.

(3) The 2°T1, J = 1,m;= —1 C resonance in the zeroth
vibrational state and the %°Tl, J =1,m;= —1 transition
in the first vibrational state both lie ~1 kHz below the
main resonance. The wings of these transitions could con-
ceivably influence the zero crossing of the main resonance,
however, it is unlikely given the amplitude of these transi-
tions 1 kHz away from their center frequency (the
separated oscillatory field envelope has a half-width ~150
Hz). Furthermore, the oscillations in the separated-
oscillatory-field line shape change with the average beam
velocity, which can be altered to some extent by changing
the quadrupole voltage. Consequently, changing the
quadrupole voltage would vary the amount to which these
overlapping transitions contributed to the observed zero
crossing of the main resonance. As mentioned above,
changing the magnitude of the quadrupole voltage had no
effect.

(4) Finally, we checked for a nonresonant background
signal that possibly changed amplitude in an EDM
fashion. Sampling the background at frequencies where
no resonance occurs produced no significant EDM shift at
the level of 10 mHz.

Nonlinearities in the C resonance near the zero crossing
can also produce systematic EDM shifts if both E shifts
and M shifts occur during the run. In this case, the num-

ber of counts corresponding to the E shift change when
the magnetic field reverses because the M shift places you
on a different part of the resonance slope. The zero cross-
ing of the C resonance is linear to better than 1% which,
when combined with worst case E and M shifts equaling
100 mHz, produces a negligible systematic EDM shift (0.1
mHz).

A rather different mechanism for producing a false
EDM shift arises from a change in the average transverse
beam position under magnetic (or electric) field reversal
(due to a change in the cross-sectional beam-intensity pro-
file) in conjunction with a transverse gradient in any non-
reversing component of the electric (or magnetic) field in
the C region. Changes in the cross-sectional beam profile
do not seem unlikely when one recalls that the hyperfine
state selection occurs via nonadiabatic transitions, the effi-
ciency of which can vary across the beam profile depend-
ing on the details of the time-varying fields along each
trajectory between the quadrupoles and their respective
subsidiary resonance regions. A nonreversing electric field
in the C region (due to static charges, for instance) gives
rise to an E shift. Therefore a gradient to this nonrevers-
ing field implies that this E shift changes when the aver-
age beam position moves under magnetic field reversal.
Consequently, a false EDM shift will result. Checking for
such effects produced a limit of 1 mHz on any systematic
EDM shifts so generated.

This is unfortunate because this last mechanism would
have explained the influence of the reversal of the quadru-
pole voltage since reversing the quadrupole voltage
changes the fringe electric fields between the quadrupoles
and the subsidiary resonance regions, thus potentially af-
fecting the cross-sectional profile of the nonadiabatic tran-
sitions, and consequently the average beam position. With
the beam in this new position the spurious EDM shift
generated by the above mechanism would quite likely be
different.

Finally, in an effort to identify other potential mecha-
nisms for generating systematic EDM shifts, a number of
parameters were varied and their effect on the EDM shift
observed. No significant effect was found. The parame-
ters were (1) the dead time which allows transients to die
out after the state of the experiment has been switched, (2)
the “frequency” of the modulation waveforms which con-
trol the experiment; (3) the phase accuracy of the second
separated-oscillatory-field coil with respect to the first
(normally it is +1°), and (4) the reduction of miscellaneous
sources of electric noise.

In summary, no mechansim was found which could ex-
plain the observed systematic EDM shifts, much less the
large change in these shifts when the quadrupole voltage
was reversed. Table V summarizes the mechanisms dis-
cussed above.

VI. CONCLUSIONS

Since the systematic change in the EDM shift under
quadrupole reversal is by far the dominant source of error,
and since to date we have no reliable explanation for its
origin, we have little choice but to quote error bars which
accommodate this systematic effect. A simple averaging
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TABLE V. Table of systematic EDM shifts.

Mechanism EDM shift

Ex% <0.2 mHz
Resonant amplitude changes <2 mHz
Amplitude changes

in overlapping transitions <10 mHz
Off-resonant EDM background <10 mHz
Nonlinearities

of the resonant line shape <0.1 mHz
Spatial shifts in the average beam

Under B reversal <1 mHz
Under E reversal <1 mHz
Transient effects negligible
Separated-oscillatory-field

phase error <0.5 mHz

of the results for opposite quadrupole voltages yields a
nonzero EDM shift which cannot be trusted. Thus,
reasonable values for the two sets of data are

BVEDM: 16+25 mHz (MJ=—1)
and
SVEDM=7i10 mHz (m,=——2)

where 8vgpy is the EDM shift. The two results are han-
dled separately because molecules in the J =2,m;=—2
state have a different polarizability in the C-region electric
field. Using Eq. (2) we find the following values for d:
%:9i14 mHz (m;=-—1)

and

d

—h—=6i9 mHz (m;=-2)
where we have used the values {5 A ) =0.46 and 0.27 for
the polarization of TIF in a 20.0 kV/cm electric field for
the J=1 and J=2 rotational states, respectively.

Since the errors inherent in these results are systematic

rather than statistical, it makes little sense to take the
weighted mean for the final result. Instead we simply

average the results along with the errors. This ad hoc pro-
cedure attempts to reflect the greater reliability of the

mjy=—1 data along with the lower systematic errors ob-
served in the m;= —2 data. The final result is taken to be
%=8i12 mHz. (6)

From the calculations of Hinds and Sandars,!° d can be
related to the value of a proton EDM, D,. Including both

the finite size effect and the magnetic effect discussed ear-
lier for measuring the EDM of charged particles, they
find that

%:5.9>< 10'*D, Hz , (7)

where Dp is measured in e cm. Combining Eq. (6) with
Eq. (7), we find the following limit for the proton EDM:

Dp=(1.3+2.0)xX10"2' ecm . (8)

Equation (8) is to be compared to the present experimental
limit quoted by Hinds and Sandars,'® Dp=(1.8+7)Xx 10?!
ecm.

Since calculating the finite size effect relies on uncertain
nuclear integrals, a more cautious estimate of an upper
limit would only include the magnetic effect, in which
case

d

;:8.5><10”Dp Hz .

This puts the inferred proton EDM value at
Dp=(9%14)x10"* ecm .

Alternatively an EDM shift can be attributed to a P- and
T-violating neutral-current tensor interaction between pro-
tons and electrons, of the form

Gr

Hr=iCr | =7

U D1t Pe T 19T, —T,)

where ' is the antisymmetric combination of Dirac ma-
trices. Again, Hinds and Sandars have shown that if the
entire effect is attributed to a neutral-current tensor in-
teraction,

%=(1.4><103)CT Hz . 9

When combined with the result of this experiment [Eq.
(6)] we find a new null result for Cy,

Cr=(6+9)x107°. (10)

The previous result was C=(0.8+3)x 107310

The statistical resolution for observing frequency shifts
in the T1 nuclear resonance was better than 1 mHz in this
experiment. By modifying the apparatus to eliminate the
systematic EDM shift, and by using the high beam inten-
sities that were obtained (but never used), along with
longer running times ( > 100 h), one could hope to observe
EDM shifts on the order of 0.1 mHz. This would imply a
limit on the proton EDM of ~1Xx10™2 ecm. Conse-
quently, there remains a factor of 100 to be gained from
the present experimental approach to P and T violations
in the hyperfine structure of TIF.
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